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n the chick dorsal mesencephalon, the optic tectum, the developing axons must choose between remaining on the same
ide of the midline or growing across it. The ipsilaterally projecting axons, forming the tectobulbar tract, course
ircumferentially toward the ventrally situated floor plate but before reaching the basal mesencephalon, the tegmentum,
radually turn caudally. Here, they follow the course of the medial longitudinal fasciculus (MLF), located parallel to the floor
late. By in vivo labeling of tectal axons, we could demonstrate that these axons arise primarily in the dorsal tectum. To
est the idea that chemorepellent molecules are involved in guidance of the nondecussating axons, we performed coculture
xperiments employing tectal explants from various positions along the dorso-ventral axis. Axons emanating from dorsal
ectal explants were strongly repelled by diencephalic tissue containing the neurons that give rise to the MLF whereas
entral tectal axons showed only a moderate response. This inhibitory effect was substantially neutralized by the addition
f anti-neuropilin-1 antibodies. A similar differential response of axons was observed when tectal explants were cocultured
ith cell aggregates secreting the chemorepellent Semaphorin 3A (Sema3A). Sema3B and Sema3C, respectively, did not
nhibit growth of tectal axons. In addition, neither the floor plate nor Slit2-secreting cell aggregates influenced outgrowth
f dorsal fibers. In Sema3A-deficient mice, DiI-labeling revealed that dorsal mesencephalic axons cross the MLF instead of
urning posteriorly upon reaching the fiber tract, thus behaving like the ventrally originating contralaterally projecting
xons. A differential responsiveness of tectal axons to Sema3A most likely released by the MLF thus contributes to
athfinding in the ventral mesencephalon. © 2001 Academic Press
Key Words: axon guidance; chemorepulsion; Sema3A-deficient mice; Neuropilin-1; Netrin-1; Slit2; floor plate; diencepha-
lon; optic tectum; tegmentum; ipsilateral projection; midline crossing.c
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aINTRODUCTION
The midline of the nervous system is an important source
of signals that pattern developing neuronal connections.
Commissural axons of the spinal cord have served as a
model to investigate the molecular mechanisms that are
responsible for guiding axons toward and across the midline
(Tessier-Lavigne and Goodman, 1996). The circumferen-
tially growing axons arising in the chick dorsal mesen-
1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. Fax: 49-7071-l93730. E-mail: sigrid.henke-fahle@med.uni-tuebingen.de.
0012-1606/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.ephalon, the optic tectum, take different paths after their
nitial projection toward the ventral midline. Before enter-
ng the ventrally located tegmentum, one axonal subpopu-
ation turns caudally, forming the ipsilateral tectobulbar
ract (Goldberg, 1974). Here, axons follow the course of the
edial longitudinal fasciculus (MLF), being one of the
arliest, if not the first tract to arise in the embryo (Lyser,
966; Rhines and Windle, 1941). The contralaterally pro-
ecting axons of the tectospinal tract cross the MLF and the
oor plate, subsequently turning posteriorly. It is not
nown which molecules are involved in keeping ipsilater-
lly projecting fibers from entering the ventral mesencepha-
on, although it has been proposed that inhibitory mol-
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382 Henke-Fahle, Beck, and Pu¨schelecules either expressed in the tegmentum (Shepherd and
Taylor, 1995) or released by the floor plate (Tamada et al.,
1995) influence the choice behavior of nondecussating
tectal axons.
Attraction of axons toward the ventral midline is medi-
ated by diffusible molecules of the UNC-6/Netrin family,
forming a gradient emanating from the floor plate (for
review, see Tessier-Lavigne and Goodman, 1996). Guidance
of fibers across the floor plate depends on the expression of
cell adhesion molecules of the immunoglobulin superfam-
ily, like NrCAM and axonin-1 (Stoeckli and Landmesser,
1995; Stoeckli et al., 1997), and proteins of the Slit family,
expressed by midline cells (for review, see Brose and
Tessier-Lavigne, 2000). However, these proteins appear to
influence the growth of axons either in direct contact or
over short distances (Erskine et al., 2000; Niclou et al.,
000), rendering it unlikely that they guide axons at a
onsiderable distance from and parallel to the midline cells
uch as seen in the formation of the tectobulbar tract.
We addressed this problem by coculturing tectal and
iencephalic explants containing the neurons of origin of
he MLF to investigate the question whether this tract itself
ight direct the growth of ipsilaterally projecting axons. In
hese cocultures, axonal outgrowth from dorsal tectal ex-
lants was effectively inhibited by diencephalic explants
hereas outgrowth from ventral tectum was only moder-
tely influenced, indicating that the MLF may be the source
f a repulsive signal that guides tectal axons. Since neurons
irectly apposing the MLF in the diencephalon were shown
o express chick sema3A mRNA (Shepherd et al., 1996),
ectal explants were cultured together with cell clusters
ecreting mouse Sema3A protein, a member of the extended
amily of semaphorins known to be involved in axonal
uidance in the peripheral as well as in the central nervous
ystem (Luo et al., 1995; Kolodkin, 1996; Pu¨schel, 1996;
essier-Lavigne and Goodman, 1996; Mark et al., 1997;
Varela-Echaverria et al., 1997; Bagnard et al., 1998; Steup et
al., 1999). Exposure of sensory neurites to Sema3A induces
a rapid but reversible collapse of the growth cone (Kapfham-
mer and Raper, 1987a,b; Luo et al., 1993). In contrast, a
limited contact of growth cones with immobilized chick
Sema3A can redirect the trajectory of growing axons (Fan
and Raper, 1995). These repulsive properties of semaphorins
suggest a function in preventing axons from entering inap-
propriate targets or restricting their choice of pathways, a
notion that is supported from observations in mice with a
mutation in the sema3A gene (Taniguchi et al., 1997).
As in the experiments using diencephalic explants, tectal
xons displayed a differential response to Sema3A with
orsal axons being most sensitive toward the repulsive
ffects of Sema3A. By applying crystals of the fluorescent
racer DiI (1,19-dioctadecyl-3,3,39,39-tetramethylindocar-
ocyanine-perchlorat) to different tectal areas, we could
emonstrate that the ipsilaterally projecting fibers arise
redominantly in dorsal tectum, indicating that Sema3A,
Copyright © 2001 by Academic Press. All rightossibly secreted by the MLF, may be involved in guiding
ncrossed fibers in the midbrain. This assumption was
ubstantiated by the fact that addition of antibodies against
europilin-1 (Npn-1), a high-affinity binding site for
ema3A and required for its biological activity (He and
essier-Lavigne, 1997; Kitsukawa et al., 1997; Kolodkin et
l., 1997), neutralized the inhibitory effect of the diencepha-
on. In addition, analysis of DiI-labeled mesencephalic
hole mounts of Sema3A-deficient mice showed that the
orsally arising mesencephalic fibers crossed the MLF and
he floor plate, thus behaving like the contralaterally pro-
ecting fibers.
MATERIALS AND METHODS
DiI Labeling of Axons
Whole mounts of the caudal half of E3–E6 chick brains were
prepared essentially as described (Kro¨ger and Schwarz, 1990). The
whole brain was dissected out of the embryo and freed of meninges.
The prosencephalon and, in most cases, the diencephalon were
discarded. The preparations including the mesencephalon and
metencephalon were attached to black nitrocellulose filters after
cutting sagittally along the dorsal midline (Kro¨ger and Schwarz,
1990). The ventricular side faced the filter. Small crystals of DiI
(Molecular Probes) were applied to either the most dorsal aspects of
the midbrain or to ventral tectum. After further incubation for
8–24 h in culture medium (DMEM/F12) (Gibco Life Technologies)
supplemented with 2 mM L-glutamine and SITE 1 3 (1:100; Sigma)
t 37°C, preparations were fixed with 4% paraformaldehyde in PBS
nd kept at 40°C in the dark until axons and their growth cones
ere completely labeled. Usually, overnight incubation was suffi-
ient to give good staining results. Alternatively, crystals were
laced onto 4% paraformaldehyde-fixed whole mounts. This pro-
edure requires much longer staining times, resulting in diffusion
f the dye and, as a consequence, to a higher number of labeled
xons. Specimens were analyzed after mounting in glycerol:PBS
9:1; v/v) or FluorSave reagent (Calbiochem) using epifluorescence.
Unfixed whole mounted brains of E15 and E16 mouse embryos
ere stained as described for chick embryos. After fixation, the
dditional staining time had to be prolonged to 4 weeks to ensure
omplete labeling of growth cones.
To visualize axons in diencephalon–mesencephalon cocultures
n basal lamina preparations, cultures were fixed with 4% parafor-
aldehyde; a small crystal of DiO (Molecular Probes) was placed
n top of diencephalic explants and left to stain for 24 h at 40°C. DiI
rystals were then placed on top of mesencephalic explants and
reparations were further incubated until growth cones were
ompletely filled. After mounting in FluorSave reagent (Calbio-
hem), specimens were photographed by using a filter combination
uitable to visualize DiO fluorescence. DiI-labeled axons appear
ellow under these conditions.
Sema3A-Deficient Mice
Sema3A1/2 mice used in this study were backcrossed to CD1
mice for five generations and genotyped as described (Taniguchi et
al., 1997).
s of reproduction in any form reserved.
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383Guidance of Tectal AxonsDissection of Embryonic Tissue for Coculture
The diencephalon or mesencephalon, respectively, of E4 and E5
chick embryos was dissected from brains after removing the
meninges and cut along the dorsal midline. E4 and E5 diencephalic
tissue containing the sulcus limitans but excluding the roof plate
and the floor plate was isolated from an area as shown in Fig. 2A.
Dorsal and ventral tissue (excluding the roof plate and the floor
plate as shown in Fig. 2B) from the middle part of the mesencepha-
lon with respect to the rostro-caudal axis was prepared from E4 and
E5 embryos for coculture with either diencephalon, floor plate,
Netrin-1-, Slit2N-, Sema3B-, or Sema3C-secreting HEK 293 cells.
For coculture with Sema3A-secreting cells, E5 midbrains were
opened up dorsally and a stripe of tissue was cut out along the
dorso-ventral axis on either side from the middle part as above
(excluding the floor plate). These stripes were cut into eight almost
equally sized pieces of tissue (Fig. 3A) and explants were prepared
separately from each of these pieces. E4 tectal tissue to be used in
coculture with Sema3A-producing cells was prepared as in Fig. 2B.
For coculture experiments with floor plate, the entire floor plate
from E3–E5 midbrain was carefully cut out and tectal tissue from
the same donor embryo was placed around the floor plate. When E3
floor plate was combined with E4 tectum, tissue from different
animals had to be used.
Retinal explants were prepared from E6 chick retinae which
were cut into 400 3 400-mm pieces with fine injection needles.
Generation of Cell Lines
Human embryonic kidney 293 cells (ATCC CRL 1573) grown in
90-mm dishes were transfected with 12 mg of the expression
ectors pBKNetrin-1-Flag or pBKVSVSlit2N (Pu¨schel, 1999) by
sing a calcium phosphate transfection system (Gibco Life Tech-
ologies). The coding sequence for the N-terminal fragment of
ouse Slit2 (Brose et al., 1999; Wang et al., 1999) was isolated from
12.5 mouse spinal cord cDNA by PCR as described (Rohm et al.,
000). Cell lines expressing recombinant protein were selected in 1
g/ml G418 (Gibco Life Technologies); expression of fusion pro-
eins was monitored by immunostaining of cell cultures. The
epulsive effect of the secreted Slit2N protein on retinal ganglion
ell axons was confirmed in a coculture assay (Erskine et al., 2000;
iclou et al., 2000; Ringstedt et al., 2000) (see Results).
Preparation of Fusion Protein-Secreting Cell
Clusters
In addition to the cell lines described above, we used cell lines
stably expressing Sema3A, Sema3B, and Sema3C, respectively
(Varela-Echaverria et al., 1997; Bagnard et al., 1998). Cells were
grown in DMEM supplemented with 10% fetal calf serum, 2 mM
L-glutamine, and 1 mg/ml G418 (all from Gibco Life Technologies).
To make cell aggregates, cells were washed, trypsinized, washed in
DMEM containing 10% fetal calf serum, and resuspended in the
same medium at a density of 3 3 107 cells/ml. Drops (15 ml) were
dispensed onto the inside of lids of 30-mm petri dishes, which were
then inverted over dishes containing 2 ml of medium without
G418 and incubated for approximately 20 h before harvesting.
Control aggregates (HEK 293) were prepared in the same way
without the addition of G418. For use in collagen gel cocultures,
aggregates were cut into pieces with fine tungsten needles.
Copyright © 2001 by Academic Press. All rightCollagen/Matrigel Cocultures
Tissue pieces and cell aggregates were placed in various combi-
nations onto round cover slips (6 mm diameter), covered with a
small drop of MEM/0.02 M Hepes (Gibco Life Technologies). The
fluid was removed and replaced by a drop of bovine dermal collagen
solution (CELLON, Luxemburg) containing 20% matrigel EHS
solution (Boehringer Ingelheim). For cocultures employing the
floor plate, Slit2N-, or Netrin-1-secreting cell lines, respectively, no
matrigel was added. Cover slips were transferred to 30-mm petri
dishes and covered with culture medium (see DiI Labeling). To test
the activity of the secreted Slit2N protein, 100 ng/ml heparin
(Sigma) was added to the medium (Niclou et al., 2000). Anti-Npn-1
IgG (Ab-1; Oncogene) was added to cultures at a concentration of 50
mg/ml after dialysis of the antibody preparation against two
changes of 500 ml DMEM/F12 medium. Incubation was for 36–48
h at 37°C and 5% CO2.
Explant Cultures on Basal Lamina
Flat-mounted basal laminae from the retina (inner limiting
membrane) of E7 chick embryos were mechanically isolated on
poly-L-lysine-coated coverslips as described (Halfter et al., 1987). E5
tectal tissue was placed on the basal lamina either in isolation or in
coculture with E5 diencephalic explants at a distance of 300–400
mm and left to adhere for 1.5–2 h in a humid atmosphere at 37°C.
Explants were then covered with culture medium (as above) and
cultivated for 2 days. Basal lamina preparations were used as
two-dimensional growth substratum since tectal axons do not grow
on laminin (Kro¨ger and Schwarz, 1990).
Binding of Receptor Affinity Probes
To characterize binding sites for Sema3A, dorsal and ventral
tectal tissue (prepared as in Fig. 2B) growing on basal laminae was
used. After washing with PBS, explants were overlaid with concen-
trated medium collected from AP-Sema3A-producing cell lines for
60 min. Cultures were washed three times with PBS (5 min each)
and fixed with 3.7% formaldehyde in PBS for 5 min. After one wash
with reaction buffer (100 mM Tris–HCl, 100 mM NaCl, 5 mM
MgCl2, pH 9.5) for 5 min, endogenous phosphatases were heat-
nactivated for 50 min at 65°C in reaction buffer. Bound AP-fusion
rotein was visualized with a staining solution containing 0.45
g/ml nitroblue tetrazolium chloride and 0.18 mg/ml 5-bromo-4-
hloro-3-indolyl phospate (Sigma) in reaction buffer.
Binding of Anti-Neuropilin-1
Whole mounted tecta as well as tectal explants growing on
collagen-coated tissue culture dishes were fixed with 3.8% form-
aldehyde in TBS (0.05 M Tris–HCl, 0.15 M NaCl, pH 7.6) for 30
min. The specimens were washed three times with TBS (10 min
each), and subsequently blocked with 1% BSA in TBS for 30 min.
Incubation with anti-Npn-1 IgG (2 mg/ml TBS/1%BSA; Oncogene)
as performed overnight at 4°C. After three washes with TBS (15
in each), the preparations were incubated with biotinylated
ig-anti-rabbit IgG (1:400; DAKO) for 30 min at RT, washed again
three times for 10 min), and incubated with AP-avidin (DAKO) for
0 min. Bound antibody was visualized after three washes with
BS in a staining solution containing 0.02% NaNO2, 0.01% New
Fuchsin (Merck), 0.6% N,N-dimethylformamide, 0.5% Naphthol
AS-BI phosphate (Sigma), and 5 mM Levamisol (Sigma) in H2O.
s of reproduction in any form reserved.
384 Henke-Fahle, Beck, and Pu¨schelQuantitation of Axon Outgrowth
Axon outgrowth from explants was observed by using phase
contrast optics at regular intervals throughout the culture period
and immediately before fixation after 36–40 h. Quantitative data
were obtained after transfer of cover slips to Petriperm dishes
(Heraeus). Tectal or retinal outgrowth was determined by counting
the fibers on the side of the explant facing either the aggregate, the
diencephalic tissue, or the floor plate, respectively, and on the
opposite side (facing away). A ratio of these outgrowth numbers
was calculated for each explant and a mean was derived to indicate
the degree of asymmetry. This ratio approached 1 for controls with
untransfected cells and was reduced significantly below 1 in cases
of repulsion. The statistical significance between control cultures
and cultures with transfected cells was determined using the
unpaired t test. In addition, we counted the number of stalling
fibers, i.e., those fibers that seemingly grew toward the aggregate
but did not reach it, and the number of fibers that were deflected
away from the aggregate. All fibers changing direction of outgrowth
were counted as being turned away. Stalling and deflecting fibers
were considered to be growth impaired. Those fibers without
obvious change of direction and those contacting the aggregate or
the opposite explant, respectively, were considered to be unim-
paired.
RESULTS
Decussating Axons Arise Primarily in Dorsal
Tectum
The trajectory of dorsally arising fibers in the E6 midbrain
is schematically illustrated in Fig. 1A and shown by DiI
staining of a fixed E6 specimen (Fig. 1C). Most nondecussat-
ing axons gradually turned upon approaching the tegmen-
tum, subsequently growing caudally parallel to the main
longitudinal fiber tract. However, a small minority of
ipsilateral fibers continued toward the floor plate but,
before reaching it, also turned posteriorly. The decussating
axons changed direction after crossing the floor plate, very
rarely did we observe these axons erroneously projecting
rostrally.
In order to determine the percentage of decussating and
nondecussating axons arising from the dorsal part of the
optic tectum, small DiI crystals were applied to the most
dorsal aspect of unfixed E4 chick mesencephalic whole
mount preparations and left at 37°C for 24 h. Those speci-
mens (n 5 17) allowing for a numerical analysis of indi-
vidual stained axons at the choice point in ventral tectum
were evaluated. Out of 747 counted axons, 551 turned
caudally on the ipsilateral side whereas 196 continued to
grow across the midline (26.24% 6 1.35% SEM). The
behavior of dorsal fibers at the choice point and in the
tegmentum is shown in Fig. 1D. Growth cones turning at
the same time seemed to follow the same path running
obliquely to the floor plate. The distance of these growth
cones from the ventral midline was in the range of 850 mm.
When crystals were applied to unfixed ventral tectum on
E3 and left for 24 h at 37°C, mostly crossing fibers were
Copyright © 2001 by Academic Press. All rightlabeled (Fig. 1E), only a small proportion of fibers stayed on
the ipsilateral site. Due to the close proximity of the dye
crystal to the choice area, it was not possible to exactly
determine the percentage of uncrossed fibers in most cases.
However, a gross estimation indicated that approximately
10–15% of fibers projected ipsilaterally. Not all crossing
fibers grew straight across the tegmentum, several were
found to wander off, but eventually turned back into the
proper direction. By this time of development (approxi-
mately E4), only a few fibers from dorsal tectum have
reached the choice point in ventral tectum due to the
distance they have to travel across the circumference of the
tectal surface (approx. 3300 mm in these preparations);
therefore, most of the stained fibers can be considered to be
derived from ventral tectal neurons. The position of the
retrogradely labeled cell bodies which were predominantly
found in ventral tectum supported this view.
Our data indicate that the majority of nondecussating
tectal axons are derived from neurons located in dorsal
areas of the optic tectum, whereas decussating axons are
more likely to be generated in ventral tectum. A strict
segregation of neurons projecting either ipsi- or contralat-
erally could not be observed.
Axon Outgrowth from Dorsal Tectum Is Inhibited
by the Diencephalon
The main longitudinal fiber tract in the chick basal
midbrain, the MLF, develops earlier than the tectobulbar
and the tectospinal tract (Lyser, 1966). By placing DiI
crystals onto the tegmentum in anterior mesencephalon,
we could visualize by retrograde staining those neurons in
the diencephalon which send their axons into the MLF (Fig.
1F). The fact that the tectospinal axons cross the fibers of
this tract whereas the majority of tectobulbar axons turn
caudally before reaching it might indicate that interactions
between the respective fiber populations contribute to the
observed differential growth behavior. To test the hypoth-
esis that molecules expressed by the MLF might influence
the growth pattern of dorsal tectal axons, we excised E4
diencephalic tissue from an area around the sulcus limitans
(indicated in Fig. 2A) containing the neurons of origin of
this tract (also shown in Fig. 1F) and cocultivated these
explants with E4 dorsal tectum (Fig. 2B) on retinal basal
lamina preparations. The growth behavior was analyzed
after staining diencephalic fibers with DiO and tectal fibers
with DiI, respectively (Fig. 1G). However, encounters be-
tween these two fiber populations were very rare. Usually,
tectal fibers growing toward the diencephalic tissue were
already deflected away before encountering any dience-
phalic neurites (Fig. 1G). Only occasionally did we observe
fibers in close proximity to each other. In those cases, the
tectal axons turned away from the growth cone of the
diencephalic axon (Fig. 1H), indicating that interactions
between fibers or the release of a repulsive factor by the
s of reproduction in any form reserved.
385Guidance of Tectal AxonsFIG. 1. Axonal pathways in the mesencephalon. (A) Schematic representation of tectal efferents in relation to the floor plate. (B) Schematic
diagram of tectal whole mount indicating the position of DiI crystals in (C–F). The dotted line represents the border between tectum and
tegmentum. (C) Trajectory of decussating and nondecussating tectal axons in ventral mesencephalon, anterogradely labeled by placing a DiI
crystal onto the pial surface of a flat-mounted E6 mesencephalon. Tectal axons turn caudally at differing distances from the floor plate. The
position of the ventral midline is indicated by the dashed line. (D) Application of crystals to dorsal sites of E4 living tectal whole mounts
and subsequent incubation for 24 h leads to staining of predominantly ipsilaterally projecting axons (arrows). Only a minority of axons
(arrowheads) grow across the tegmentum. The floor plate runs parallel to the right border. (E) Ventral staining of axons (E3 plus 24 h
incubation). The majority of fibers (arrowheads) cross the tegmentum, some of these axons show aberrant growth behavior, but eventually
turn back into the right direction. The arrow points to ipsilateral fibers. Location of the floor plate as in (D). (F) Application of DiI onto the
tegmentum (E5 plus 12 h at 37°C) results in staining of the MLF as well as the neurons of origin of this tract in the diencephalon. In addition,
contralaterally projecting tectal axons (arrowheads) and retrogradely labeled cell bodies in ventral tectum are visible. The dashed line
indicates the border between diencephalon and tectum. The floor plate runs parallel to the bottom of the photograph. (G) Coculture of
diencephalon (green) and dorsal tectum (yellow) on a basal lamina, stained with DiO and DiI, respectively (preparation of explants as
indicated in Figs. 2A and 2B). Tectal axons are deflected away (arrow) before reaching the diencephalic tissue. (H) Tectal axons (arrow) also
turn away when approaching diencephalic growth cones. di, diencephalon; fp, floor plate; mes, mesencephalon; met, metencephalon; mlf,
medial longitudinal fasciculus; te, tectum; teg, tegmentum. Bars, 250 mm (C and F), 150 mm (D and E), 50 mm (G), 12.5 mm (H).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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386 Henke-Fahle, Beck, and Pu¨schelFIG. 2. Coculture of diencephalic and tectal explants. (A) Schematic drawing of transverse section through E4 diencephalon. The boxed areas
epresent the tissue pieces dissected for use in coculture. The shaded area corresponds to the neurons of origin of the medial longitudinal
asciculus. (B) Schematic diagram of transverse section through E4 mesencephalon. Dorsal and ventral tissue pieces were prepared from the boxed
reas. (C) Collagen/matrigel coculture of diencephalon and dorsal tectum leads to highly asymmetric outgrowth of tectal axons. (D)
ollagen/matrigel coculture of diencephalon and ventral tectum results in radial outgrowth of tectal axons. (E) Quantitation of growth
mpairment of tectal fibers. The number of stalling and deflecting fibers was counted on the proximal side of E4 and E5 tectal explants,
espectively. E5 dorsal explants were also cocultivated with E5 diencephalon in the presence of anti-Npn-1-IgG. Significant (P , 10212) growth
impairment is evident for dorsal axons; however, anti-Npn-1 reduces the amount of growth-impaired fibers. (F) Determination of fiber outgrowth
ratios. Axon outgrowth from E4 and E5 tectal explants, respectively, was assessed (see Materials and Methods) on the side facing toward the
diencephalic tissue (proximal) and on the side facing away (distal). Outgrowth of fibers on the proximal side is reduced only from dorsal tectal
explants (E4, n 5 26; E5, n 5 31; P , 10212). The inhibitory effect of the diencephalon is neutralized by anti-Npn-1-IgG (n 5 18). Bars, 150 mm.
d, dorsal; di, diencephalon; mes, mesencephalon; SL, sulcus limitans; v, ventral.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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387Guidance of Tectal Axonsdiencephalic axons might indeed influence the turning
response of dorsal tectal axons.
For a quantitative analysis of the growth behavior of fibers,
we excised E4 and E5 dorsal tectum or the ventral midbrain
excluding the floor plate and adjacent basal tissue, and cocul-
tured the explants in collagen/matrigel with either E4 or E5
diencephalic tissue. Dorsal tissue in general extended consid-
erably fewer axons than ventral tectum, diencephalic explants
showed varying degrees of outgrowth. Phase contrast exami-
nation of cocultures after 40 h readily revealed a difference in
growth behavior when dorsal and ventral tissue was com-
pared. Axons emerging from ventral tectum freely contacted
the diencephalic explant, and outgrowth appeared to be sym-
metric (Fig. 2D). Tectal and diencephalic axons quite often
grew in the same focal plane. In contrast to ventral tissue,
dorsal tectum extended fewer axons on the side facing the
diencephalon (proximal) than facing away (distal) (Fig. 2C). On
the proximal side, dorsal fibers usually grew in a different
plane of focus than diencephalic axons. In order to quantify
the degree of growth impairment, the number of axons exiting
FIG. 3. Collagen/matrigel coculture of mesencephalic explants w
whole-mounted mesencephalon, indicating the areas taken for ex
emitted signals. A decreasing responsiveness is evident when (B) dor
Bars, 150 mm. te, tectum; teg, tegmentum.from the side of the tectal explant facing the diencephalon as
Copyright © 2001 by Academic Press. All rightell as from the opposite side of the explant was determined
fter 36–40 h. A ratio of these outgrowth numbers was
alculated for each explant, and a mean of this value was
erived to provide an indication of the degree of asymmetry
nd thus of chemorepulsion. Ventral tectum showed no sig-
ificant difference in axonal outgrowth when both sides were
ompared; however, outgrowth toward the diencephalic tissue
as reduced from dorsal tectum (Fig. 2F). The mean ratio was
.87 (E4) and 1.06 (E5) for ventral tectum, and 0.46 (E4, P ,
10212) and 0.53 (E5, P , 10213), respectively, for dorsal tectum.
hese data indicate that a rather strong inhibitory signal is
eleased from the diencephalic tissue, being effective even at a
istance of approximately 400 mm. In addition, several axons
extending toward the diencephalic explant were observed to
be stalling before reaching this tissue or to be turning away.
We counted the number of growth impaired fibers, comprising
stalling as well as deflecting fibers, on the proximal side of
every explant and determined their percentage in relation to
the total number of axons on this side (Fig. 2E). On average,
66% of fibers from dorsal tectum (E4 plus E5, n 5 73) were
ema3A-secreting cell aggregates. (A) Schematic diagram of the E5
culture (1–8). (B–D) Varying response of tectal axons toward the
xplants (area 1–3) are compared with (D) ventral explants (area 6–7).ith S
plant
sal eaffected by the presence of the diencephalic tissue whereas
s of reproduction in any form reserved.
388 Henke-Fahle, Beck, and Pu¨schelFIG. 4. Quantitation of outgrowth and growth impairment of mesencephalic explants. Numbering of E5 tectal areas as in Fig. 3A. (A) Analysis
of axon behavior on the proximal side of the explant displays no differences beween areas in the presence of HEK 293 cells. (B) Growth behavior
of axons facing Sema3A-secreting cell clusters. The amount of stalling fibers is especially high for dorsal explants (1–3, P , 0.00001; 4, P ,
0.0005). (C) In controls, the amount of growth-impaired fibers is the same for all areas. In the presence of Sema3A-secreting cell clusters,
growth-impairment of fibers is evident for regions 1–4 (1–3, P , 0.0001; 4, P , 0.05). Number of explants (n) from region 1–8: (HEK 293) 9, 6,
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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389Guidance of Tectal Axonsonly 13% of fibers from ventral tectum (n 5 55) displayed
some growth impairment, the difference being highly signifi-
cant (P , 10219). Thus, taken together, fibers from dorsal
tectum seem to respond to a repulsive or inhibitory molecule
emanating from a diencephalic area containing the neurons
that extend the first fibers into the developing MLF.
Anti-Neuropilin-1 IgG Neutralizes the Effect of the
Diencephalon
In situ hybridization studies had shown that in the chick
embryo sema3A mRNA is expressed by neurons directly
apposing the MLF (Shepherd et al., 1996), corresponding in
position to neurons of origin of this tract (schematically
indicated in Fig. 2A). Since this expression could be docu-
mented in the diencephalon already by E4.5 (Shepherd et
al., 1996), a time when the first circumferentially projecting
tectal fibers turn posteriorly (Lyser, 1966), we investigated
the possibility that Sema3A might be involved in guiding
the ipsilaterally projecting tectal fibers. Binding of Sema3A
to axons is mediated by the receptor Npn-1 (He and Tessier-
Lavigne, 1997; Kitsukawa et al., 1997; Kolodkin et al.,
1997); therefore, we repeated the experiments involving
diencephalon and E5 dorsal tectum in the presence of
anti-Npn-1 IgG (n 5 18). Figure 2F demonstrates that
anti-Npn-1 neutralizes the inhibitory effect of the dience-
phalic tissue on outgrowth of dorsal fibers on the proximal
side of the explants. The proportion of growth-impaired
fibers is also reduced by a factor of almost 2 (Fig. 2E).
However, growth impairment is still higher than for ventral
fibers. These results show that the repellent activity of the
diencephalon is most likely mediated by Sema3A.
Sema3A Repels Axons from Dorsal Tectum
To further substantiate this assumption, we tested the
response of tectal fibers toward cells releasing Sema3A. Ex-
plants were prepared from the medial third (with respect to
the anterior–posterior axis) of the E4 and E5 midbrain to avoid
contamination with neurons forming the posterior commis-
sure in the anterior tectum (see Materials and Methods for
details). On E5, tectal explants were prepared from successive
areas along the dorso-ventral axis (Fig. 3A) and cocultured
with HEK 293 cells stably expressing Sema3A (Varela-
Echaverria et al., 1997) in mixtures of collagen and matrigel,
9, 12, 10, 9, 6, 14; (Sema3A) 16, 6, 11, 9, 14, 11, 18, 14. (D) Fiber ou
ventral (6–8) areas in control cultures. In the presence of Sema3A-se
is reduced for all mesencephalic regions; however, the difference be
(E) Growth impairment of E4 dorsal (n 5 23) and ventral (n 5 20) t
.00001); however, growth-impairment is evident for dorsal as well
growth reduction and growth impairment along the rostro-caudal a
4), and posterior (p; n 5 43) third of E5 dorsal tecta. No significant
, P , 10210; p, P , 10212).
Copyright © 2001 by Academic Press. All rightleading to varying degrees of fiber repulsion (Figs. 3B–3D).
Explants were also cultured alone or cocultured with untrans-
fected HEK 293 cells. In the presence of control cell clusters,
outgrowth was almost symmetrical from dorsal as well as
from ventral mesencephalic explants with outgrowth ratios
being in a range of 0.82–1.05; differences between the various
mesencephalic regions were not significant (Fig. 4D, left). The
growth behavior of fibers on the proximal side of the explants
was analyzed as well: 12–27% of fibers did not reach the cell
aggregates; in addition, 5–15% were turned away (Fig. 4A).
However, most fibers either contacted the cell clusters or
continued their growth without obvious change of direction.
When explants from dorsal tectum (mesencephalic area
1–3) cocultured with Sema3A-expressing cell clusters were
evaluated, a strong asymmetry of axonal outgrowth could
be documented (Fig. 4D, right), the ratio of outgrowth being
in the range of 0.34–0.39 (1, P , 1026; 2 and 3, P , 0.00005).
n addition, up to 70% of these axons were short and did not
ontact the cell clusters (Fig. 4B). The difference between
ontrol cultures and explants cocultured with Sema3A-
xpressing cells was highly significant in this respect for
esencephalic regions 1–3, less growth impairment was
vident for region 4 (1, P , 1027; 2–4, P , 0.0001). The more
ventral regions (5–8) also showed some statistically signifi-
cant reduction in outgrowth on the proximal side in the
presence of Sema3A-secreting cells; however, the difference
was less pronounced than for dorsal tectum. Additional
growth impairment, exemplified by the amount of either
stalling or deflecting fibers, respectively, was not observed.
Thus, it appears that ventral tectum and tegmentum extend
more axons which are not or less responsive to Sema3A
than dorsal tectum. This difference in responsiveness was
also evident on E4 (Fig. 4E). Dorsal tectal explants displayed
considerable asymmetrie in outgrowth; in addition, approx.
79% of fibers were growth-impaired. In contrast, much
fewer axons extending from ventral tectum were influenced
by the presence of Sema3A.
No Difference in Sema3A Responsiveness along the
Anterior–Posterior Axis
We also tested the possibility that axons from anterior
and posterior tectum might respond differently to Sema3A.
Therefore, we cut the dorsal halves of E5 tecta (correspond-
ing to regions 1–3) into three parts along the anterior–
th ratio shows no significant difference between dorsal (1–3) and
ng cell clusters, fiber outgrowth on the proximal side of the explant
n dorsal (1–3) and ventral (4–8) is highly significant (P , 0.00001).
axons. The outgrowth ratio is only reduced for dorsal axons (P ,
ntral axons (d, P , 10218; v, P , 0.00001). (F) Quantitation of axonal
xplants were prepared from the anterior (a; n 5 52), medial (m; n 5
ence in growth inhibition between areas is detectable (a, P , 10211;tgrow
creti
twee
ectal
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xis. E
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390 Henke-Fahle, Beck, and Pu¨schelposterior axis and tested explants prepared thereof sepa-
rately in the presence of control and Sema3A-secreting cell
aggregates, respectively. The responsiveness of fibers was
evaluated as described above. Fiber outgrowth ratios for all
three areas were in a range of 0.88 and 1.05 for controls and
0.31–0.37 in the presence of transfected cells (Fig. 4F). They
were thus comparable to the data described above. Addi-
FIG. 5. Differential binding of AP-Sema3A fusion protein and an
) E5 tectum were cultivated for 24 h on a retinal basement prep
ecreting cell lines (A, B) or on collagen-coated dishes before inc
ronounced than of ventral axons. (E) E5 mesencephalic whole m
etween tectum and tegmentum. Bars, 25 mm (A–D), 250 mm (E).tional growth impairment affected approx. 80% of the fibers
Copyright © 2001 by Academic Press. All rightith Sema3A present (Fig. 4F), significant differences be-
ween areas were not observed.
Sema3A and Anti-Neuropilin-1 IgG Bind to Dorsal
Tectal Axons
Differences between dorsal and ventral tectal axons could
n-1 IgG to tectal axons. Explants from dorsal (A, C) or ventral (B,
on before application of concentrated medium from AP-Sema3A-
on with anti-Npn-1 IgG (C, D). Staining of dorsal axons is more
t, stained with anti-Npn-1. The dashed line indicates the borderti-Np
arati
ubati
ounalso be documented when a receptor probe consisting of a
s of reproduction in any form reserved.
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391Guidance of Tectal Axonsfusion protein of Sema3A with the secreted alkaline phos-
phatase (Flanagan and Leder, 1990; Bagnard et al., 1998) was
applied to E5 tectal cultures (Fig. 5). To enhance accessibil-
ity of the probe to fibers, the tissue was cultivated on a
retinal basal lamina preparation (Halfter et al., 1987), lead-
ng to the extension of a dense network of axons. Although
taining was not very intense, dorsal axons (Fig. 5A) were
learly more heavily labeled than ventral axons (Fig. 5B).
A similar asymmetric distribution of binding was visible
hen explants were incubated with anti-Npn-1 IgG and
ubsequently stained (Figs. 5C and 5D). Ventral axons only
isplayed faint background labeling (Fig. 5D) whereas dorsal
xons were clearly marked (Fig. 5C). Anti-Npn-1 binding to
hole-mounted mesencephalon revealed that no axons in
FIG. 6. Fiber outgrowth in the presence of Sema3B- and Sema
respectively, were cultivated in collagen/matrigel cocultures wih S
evaluated as described in Fig. 2. n 5 14 (d, Sema3B), 9 (v, Sema3B), 2
espect to the anterior–posterior axes was tested on E5 tectal explan
4 (m, Sema3C), 43 (p, Sema3C). No significant growth impairmenhe tegmentum expressed Npn-1 whereas tectal fiber
Copyright © 2001 by Academic Press. All rightundles projecting toward the tectal-tegmental border were
pn-1-positive (Fig. 5E). In summary, both in vivo and in
itro labeling showed that dorsal tectal axons expressed
ema3A binding sites and were thus different from the
entrally arising, contralaterally projecting axons.
Sema3B and Sema3C Do Not Repel Tectal Axons
Since other secreted semaphorins have been reported to
inhibit axonal outgrowth, we tested the influence of
Sema3B and Sema3C, respectively, on tectal axons. Experi-
ments were performed as described for Sema3A, using E4
tectal tissue to examine differential responsiveness along
the dorso-ventral axis and E5 tecta to test differences along
ecreting cell clusters. (A) E4 dorsal (d) and ventral (v) tectum,
B- and Sema3C-secreting cell aggregates. Growth impairment was
ema3C), 13 (v, Sema3C). (B) Responsiveness of different areas with
5 25 (a, Sema3B), 23 (m, Sema3B), 26 (p, Sema3B), 52 (a, Sema3C),
detectable for either tectal region.3C-s
ema3
1 (d, S
ts. nthe anterior–posterior axis. However, as shown in Fig. 6, we
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightfound only small differences when tectal areas were com-
pared. In general, fiber outgrowth ratios in the presence of
Sema3B as well as Sema3C were not lower than control
ratios, and fiber growth impairment was statistically non-
significant.
Influence of the Floor Plate, Netrin-1, and Slit2N
on Tectal Axons
We next examined how the floor plate, which does not
express Sema3A in the chick embryo midbrain at the stages
under investigation (Shepherd et al., 1996), influences out-
growth of tectal explants. It had been reported that in the
E12–E13 rat embryo, contralaterally projecting axons aris-
ing from ventral alar plate (corresponding to ventral tectum)
were attracted by the floor plate, an effect that could be
mimicked by COS cells secreting recombinant Netrin-1
(Shirasaki et al., 1996). Dorsal axons were described as
being repelled by the floor plate (Tamada et al., 1995), thus
leading to the conclusion that the floor plate displays both
chemoattractive and chemorepellent activities. To investi-
gate whether chick tectal axons respond in the same way
and whether their potential response can be distinguished
from their response to Sema3A (and diencephalic tissue),
explants from E4 and E5 dorsal and ventral tectum, respec-
tively, were cocultured with mesencephalic floor plate of
the same donor embryos. In addition, we cocultivated E4
tecta with E3 floor plate to test whether the younger floor
plate attracts axons more effectively. E3 dorsal tectum is
tightly associated with the pia; therefore, cocultures were
performed with E4 tectum. E3 and E4 floor plate elicited a
positive growth response of ventral tectal fibers; however,
the growth-promoting effect of the floor plate declined and
was no longer detectable on E5 (outgrowth ratios 1.5–1.04;
Fig. 7A). Outgrowth ratios for dorsal tectum were slightly
above 1 for all ages tested (Fig. 7A), the difference to ventral
tectum being significant only with E3 floorplate (P 5 0.02).
When E4 and E5 dorsal and ventral tectum, respectively,
were cultivated in the presence of Netrin-1-secreting HEK
293 cell aggregates (Fig. 7B), outgrowth on the site facing
the aggregates was enhanced for E4 dorsal (P , 0.0005) as
ell as ventral (P , 0.005) tectum. By E5, responsiveness
as not different from control levels.
FIG. 7. Influence of the floor plate, Netrin-1, and Slit2N on tectal
fiber growth. (A) Mesencephalic floor plate of the ages indicated
(first number of number pair) was cultivated at a distance in
collagen cocultures with either dorsal or ventral tectal tissue
(second number). A significant difference in outgrowth between
dorsal and ventral tissue is only elicited by the E3 floor plate (P 5
0.02). n 5 14, 8, 31, 26, 17, 13 (columns from left to right). (B)
etrin-1-secreting cell clusters significantly enhance outgrowth of
4 dorsal and ventral tectal axons (d, P , 0.0005; v, P , 0.005). n 5
, 25, 33, 23, 13, 14, 6, 23 (columns from left to right). (C) HEK 293
ell clusters secreting Slit2N do not effect growth of tectal axons.
5 8, 8, 9, 6, 10, 10, 9, 7 (columns from left to right).
s of reproduction in any form reserved.
i393Guidance of Tectal AxonsThese results suggest that in addition to outgrowth-
promoting factors, the floor plate may secrete (an) inhibi-
tory factor(s), neutralizing the action of Netrin-1 on dorsal
fibers. Chick slit, a member of the slit gene family, has been
described to be expressed in the floor plate (Li et al., 1999),
and cells producing Slit2 protein influence pathfinding of
certain axonal subpopulations by an inhibitory mechanism
(Brose et al., 1999; Li et al., 1999; Nguyen Ba-Charvet et al.,
1999). In addition, slit2 mRNA is also specifically expressed
n the diencephalon (Erskine et al., 2000; Niclou et al.,
2000; Ringstedt et al., 2000). Since anti-Npn-1 IgG did not
completely neutralize the inhibitory effect of the dien-
cephalon on growth impairment of dorsal fibers (Fig. 2F), we
tested the ability of cell aggregates secreting the N-terminal
fragment of the Slit2 protein to inhibit outgrowth of tectal
axons. E6 chick retinal explants served as control to assess
the activity of the cell line, since retinal ganglion cell axons
of chick, mice, and rat have been shown to be repelled by
Slit2 (Erskine et al., 2000; Niclou et al., 2000; Ringstedt et
FIG. 8. Analysis of dorsally stained mesencephalic projections in
ipsilaterally projecting axons are stained. (B) In Sema3A-deficient
contralaterally projecting fibers. The white rectangels indicate th
corresponds to the position of the arrow in (D). The arrowhead poin
of ipsilaterally projecting fibers in wild-type mice; no dorsally stain
stained fibers in the choice area in ventral tectum showing aberran
toward the floor plate. (E) After crossing the mesencephalon and th
100 mm (D). fp, floor plate.al., 2000). In collagen cocultures of retina and Slit2N-
Copyright © 2001 by Academic Press. All rightsecreting cells, the mean outgrowth ratio was 0.66 (n 5 8)
compared with 0.92 (n 5 6) for controls (HEK 293); in
addition, 65% of fibers facing the aggregate were growth-
impaired (26% in control cultures). However, neither dorsal
nor ventral tectal fibers were repelled under the same
culture conditions (Fig. 7C). It can thus be concluded that
Slit2 is not the repulsive factor secreted by diencephalic
axons or the floor plate, respectively, which contributes to
pathfinding of dorsal tectal axons.
Analysis of Sema3A-Deficient Mice
As a further proof that Sema3A is crucially involved in
guiding ipsilaterally projecting tectal fibers, we also ana-
lyzed the trajectory of these fibers in Sema3A-deficient
mice. Heterozygous and wild-type mice served as controls
(n 5 24; 6 wild-type, 12 heterozygous, and 6 homozygous
mice from two litters). E15 and E16 midbrain whole mounts
were analyzed after staining the dorsally arising fibers with
wild-type and Sema3A-deficient mice. (A) In wild-type mice, only
e, application of DiI-crystals to dorsal mesencephalic sites labels
as from which (D) and (E) were taken. The position of the arrow
a fiber bundle arising on the contralateral side. (C) Enlarged view
ons grow toward the ventral midline. (D) Enlarged view of dorsally
r growth. The arrow points to a fiber bundle (not in focus) heading
or plate, the fiber bundle turns posteriorly. Bars, 250 mm (A–C, E),E15
mic
e are
ts to
ed ax
t fibe
e floDiI. By accident, crystals were placed to more ventral
s of reproduction in any form reserved.
i
t
i
s
n
p
b
m
t
I
o
c
v
r
t
t
394 Henke-Fahle, Beck, and Pu¨schelaspects of the mesencephalon in some embryos. In controls,
ipsilaterally projecting axons turned posteriorly before
reaching the tegmentum; the dorsally arising fibers ap-
peared to stay exclusively on the ipsilateral side (compa-
rable to the projection in rats; Tamada et al., 1997) (Figs. 8A
and 8C). In contrast, application of dye crystals to the most
dorsal aspect of midbrains of Sema3A-deficient mice led to
staining of fibers heading toward the ventral midline (Fig.
8B). Examination at higher magnification revealed that
before reaching the MLF at the tectal-tegmental border,
axons displayed a high degree of aberrant growth (Fig. 8D);
however, fibers eventually resumed their ventrally oriented
growth. After crossing the floor plate, they turned posteri-
orly (Fig. 8E) as observed for contralaterally projecting,
ventrally arising axons in control mice (not shown) and in
chick embryos.
DISCUSSION
DiI-labeling of chick optic tecta revealed that ipsilaterally
projecting axons primarily originate from dorsal tectum. In
contrast, axons crossing the midline predominantly arise
from neurons located in ventral areas of the tectum. Ex-
plants prepared from an area of the diencephalon containing
the neurons that send the first axons into the emerging MLF
displayed a repulsive effect on axons from dorsal tectum
whereas neurites from ventral tectum were not affected.
This inhibitory effect was substantially neutralized by
antibodies directed against Npn-1. Furthermore, tectal ax-
ons were also found to respond differentially to the che-
morepellent Sema3A. Axons from dorsal aspects of the
tectum were strongly repelled by Sema3A whereas out-
growth of fibers from ventral tectum was only moderately
inhibited. Analysis of projections in Sema3A-deficient mice
showed that dorsally arising fibers behaved like the ven-
trally arising decussating axons in control mice. Together,
these data suggest that Sema3A is involved in guiding
noncrossing axons in the mesencephalon and that the
differential responsiveness toward Sema3A distinguishes
ipsi- and contralaterally projecting tectal axons.
Origin of Crossed and Uncrossed Fibers Is Correlated
with Position along the Dorso-Ventral Axis
Immuohistochemical staining with anti-tubulin antibod-
ies and DiI-labeling studies have led to contradictory inter-
pretations concerning the origin of tectal efferents in the
chick embryo (Kro¨ger and Schwarz, 1990; Shepherd and
Taylor, 1995). In our experiments, by applying small DiI
crystals to the most dorsal aspects of E5 tecta, predomi-
nantly fibers forming the uncrossed tectobulbar tract were
stained. However, we could not observe a pure population
of nondecussating fibers. This observation might be ex-
plained by the fact that initially these crystals were small
but by diffusion the dye spread to a larger area during
Copyright © 2001 by Academic Press. All rightncubation of the whole mounts than was covered at the
ime of application, leading to a staining of axons originat-
ng from this enlarged area. Therefore, it is possible that a
mall area at the dorsal margin of the tectum contains only
eurons giving rise to nondecussating fibers. These data are
rincipally in agreement with labeling studies in rat em-
ryos (Tamada et al., 1995). The analysis of projections in
ice embryos, however, seem to indicate that the segrega-
ion of tectal fibers is stricter in rodents than in the chick.
n addition, we found no differences concerning the origin
f the ipsilateral tectobulbar projection along the rostro-
audal axis of the tectum. When crystals were applied to
entral tectum, mostly crossing fibers were stained in
ostral as well as caudal tectum, indicating that the con-
ralateral projection also arises along the entire ventral
ectum.
Diencephalon Selectively Repels Axons from
Dorsal Tectum
It has been suggested that molecules located in the
undifferentiated neuroepithelium of the basal mesencepha-
lon, the tegmentum, might determine the growth behavior
of the ipsilaterally growing fibers since they turn gradually
in ventral tectum before reaching the tegmentum (Shepherd
and Taylor, 1995). However, when dorsal tecta and tegmen-
tal explants (excluding the floor plate) were cultured to-
gether, we found no indication for repulsion of tectal axons
(not shown). In addition, none of the molecules known to
act as chemorepellents are expressed in the tegmentum at a
time when the first tectobulbar axons approach the choice
point. Another prominent structure in the basal midbrain
present at early stages in the development of the uncrossed
tectobulbar projection is the MLF (Rhines and Windle,
1941; Lyser, 1966; Kro¨ger and Schwarz, 1990; Shepherd and
Taylor, 1995), forming a broad bundle parallel to the floor
plate already by E3. Our data indicate that in fact this tract,
originating from the caudal end of the diencephalon, might
contribute to determine the choice behavior of tectal axons.
Explants prepared from an area around the sulcus limitans
of the diencephalon containing the neurons from which the
MLF originates effectively repel axons from dorsal tectum
whereas outgrowth from ventral tectum is virtually unaf-
fected. This variation in responsiveness along the dorso-
ventral axis correlates well with the distribution of ipsilat-
erally projecting neurons. The response of tectal fibers is
very strong on E4, a time when only a few dorsal fibers have
reached the choice point, as well as on E5, a period when
several tectal axons are still growing ventrally but many
have already turned caudally or are in the process of
turning. When tectal axons and diencephalic axons ap-
proached each other, tectal growth cones turned away from
diencephalic growth cones at an approximate distance of 5
mm. A similar situation can be observed in vivo where
fibers of the MLF and the tectobulbar tract do not contact
each other, at least during early stages of development. Our
s of reproduction in any form reserved.
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395Guidance of Tectal Axonsresults are consistent with the assumption that the MLF is
a source of diffusible molecules that guide tectobulbar
axons.
Response of Tectal Neurons to Sema3A Is
Correlated with Position along the
Dorso-Ventral Axis
The expression of sema3A mRNA in the diencephalon of
he chick embryo makes this molecule a likely candidate
or the signal(s) that determine the trajectories of ipsilater-
lly projecting axons, since fibers arising in the diencepha-
on project into the basal mesencephalon. In the mesen-
ephalon, the only structure possibly secreting Sema3A at
he relevant time of development is the MLF. Neither the
oor plate nor the tegmentum express sema3A at a time
hen the first axons of the tectobulbar tract turn posteri-
rly (E4), expression in cells of the tegmentum, especially of
he oculomotor nucleus, appears only by E6 (Shepherd et
l., 1996). Our results show that in the chick embryo, the
hemorepellent Sema3A very effectively repels axons espe-
ially from dorsal tectum. Since the majority of ipsilaterally
rojecting fibers arise in dorsal tectum, this fact indicates
hat Sema3A may indeed be guiding uncrossed axons in the
esencephalon. Axons from ventral tectum respond to a
uch lesser degree, consistent with the fact that a smaller
roportion of ventral neurons projects ipsilaterally. This
ifference in responsiveness is paralleled by the preferential
inding of an AP-Sema3A receptor probe or anti-Npn-1 IgG,
espectively, to axons exiting from dorsal tectal explants
roving that Sema3A-binding sites are expressed by these
xons in vitro. In addition, staining of mesencephalic whole
ounts also revealed that the ipsilaterally projecting axons
o express Npn-1 in vivo whereas the crossing fibers do not.
ince anti-Npn-1 IgG also neutralized the inhibitory effect
f the diencephalon on outgrowth of dorsal tectal axons,
hese findings strongly suggest that Sema3A is the che-
orepellent secreted by the diencephalon which guides
hese axons. The effect that Sema3A exerts on dorsal tectal
bers is not mimicked by the other secreted semaphorins
ema3B and Sema3C, supporting the view that the action of
ema3A is specific. However, although the initial studies
hat led to the identification of Sema3A had shown that
olecules present on and released by axons are crucially
nvolved in guiding other axons (Kapfhammer and Raper,
987a,b; Luo et al., 1993), it has yet to be directly demon-
trated that Sema3A is actually secreted by axons (i.e., the
xons of the MLF) in vivo.
The Floor Plate Does Not Influence Outgrowth of
Dorsal Axons
Several investigations have shown that ventrally project-
ing axons are attracted toward the midline by the diffusible
molecule Netrin-1, expressed by cells constituting the floor
plate (Serafini et al., 1994, 1995; Kennedy et al., 1994;
Copyright © 2001 by Academic Press. All rightacLennan et al., 1997). Decussating axons along the
ntire rostro-caudal axis of the embryo respond to Netrin-1
Kennedy et al., 1994; Shirasaki et al., 1995), including the
ontralaterally projecting mesencephalic axons of the rat
Shirasaki et al., 1996). Our experiments using ventral
ectum in coculture with the mesencephalic floor plate or
etrin-1-secreting cells, respectively, are in agreement
ith these observations. However, the mechanisms that
etermine the trajectory of ipsilaterally projecting mesen-
ephalic axons are less clear and the molecule(s) that
etermine the initial ventral course of these axons are
argely unknown. Although Netrin-1-secreting cells en-
anced outgrowth of dorsal tectal axons, the floor plate at
he relevant ages of development (E3–E5) showed no effect
n this respect. These results indicate that the positive
nfluence of Netrin-1 on dorsal axons may be neutralized by
n inhibitory factor released by the floor plate. This factor,
owever, is not strong enough to account for the turning
ehavior of axons at a considerable distance from the floor
late, at least in the in vitro situation. In vivo, the distance
f the choice area in ventral tectum from the floor plate is
n the range of the distance that floor plate and tectal
xplants were set apart in coculture assays, rendering it
nlikely that molecules emitted by the floor plate are
nvolved in redirecting growth of dorsal fibers. In contrast
o our observations, these axons seem to be repelled by the
oor plate in the rat embryo in vitro (Tamada et al., 1995).
olecular differences between species may account for this
ifferential behavior.
In order to characterize the molecule possibly neutraliz-
ng Netrin-1 activity on dorsal axons, we analyzed the
nfluence of Slit2 on tectal axons. Recently, the Slit pro-
eins have been identified as one class of midline repellents
n vertebrates (Brose et al., 1999; Kidd et al., 1999; Li et al.,
999). In addition, Slit2 and Netrin-1 interact with an
ffinity that is comparable to the affinities of Slit2 for Robo
roteins (Slit receptors) and of Netrin-1 for its high-affinity
eceptors (Brose et al., 1999). However, we observed no
epellent activity of Slit2 on dorsal tectal axons although
etinal axons were growth-impaired as previously reported
Niclou et al., 2000; Erskine et al., 2000; Ringstedt et al.,
000), rendering it unlikely that Slit2 is crucially involved
n guiding tectal axons at a distance from the floor plate. At
resent, it is even unclear whether Slit2 functions in
uidance of commissural axons, since no repulsive effect on
pinal commissural axons was found in vitro (Brose et al.,
999).
In Sema3A-Deficient Mice, Dorsally Arising Tectal
Fibers Behave like Contralaterally Projecting
Axons
Analysis of the projection of dorsally arising axons in
Sema3A-deficient mice served as additional proof that
Sema3A is crucially involved in guiding these axons at the
tectal–tegmental border. Their growth behavior is almost
s of reproduction in any form reserved.
396 Henke-Fahle, Beck, and Pu¨schelindistinguishable from the growth pattern of the ventrally
originating axons, rendering it unlikely that other inhibi-
tory factors strongly influence the choice of tectal fibers to
cross the MLF or not to cross. Some aberrant axonal
projections are seen when axons enter the choice area in the
ventral mesencephalon; however, the possible inhibitory
influences on axonal growth are not hindering fibers from
traversing the MLF and entering the floor plate. Again,
when crossing the floor plate, axons display some irregular
growth, but this behavior is also quite often seen with the
ventrally arising, contralaterally projecting axons. Taken
together, our observations imply that Sema3A is the deci-
sive chemorepellent determining the projection of tectal
efferents in the ventral midbrain.
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